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Abstract. This paper describes some of the main technology areas that have been
actually used in the development of cleaning robots. The approach taken in this
survey is to examine the characteristics of cleaning robots that have made successful
laboratory demonstration or have become commercial products. We then identify
the technology approach followed by the authors, and group their contributions in
a few general areas. The result is a summary of used approaches to the solution
of difficult, albeit very practical, problems in the area of autonomous execution of
cleaning tasks.
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1. Introduction and Motivation

Cleaning Robots are among the first members of the service robot
family to reach the marketplace with practical and economical solu-
tions. Cleaning an indoor area is a challenging practical and theoretical
problem whose solution involves all the basic research areas in robotics
and lots of common sense. It has also assumed the status of a litmus
test for robotics systems, and "robotic vacuum cleaner” is a favorite
research and development topic.

So far, useful results are scarce because of a combination of technical
and economic factors. This paper identifies the main technical elements
contributing to the design of a cleaning robot and provides a summary
of the technologies actually used in the design of this specific service
robot.

The paper is organized as follows. Section 2 describes some of the
mechanical configurations used. Section 3 presents a list of design re-
quirements and discusses some of the control architectures used. Sec-
tion 4 discusses navigation algorithms specifically designed to provide
complete coverage of areas to be cleaned by the robot. Section 5 de-
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scribes some of the solutions for interacting with the environment, and
Section 6 discusses some of the approaches to interface with the human
users. Finally, Section 7 summarizes the paper and identifies specific
research areas that have not been addressed so far.

2. The body

In general, when thinking of cleaning robots, the image of an iron maid
comes to mind, such as the Quasar Industries prototype, Klatu (u-talk
spelled backwards), unveiled in the late 1970s to help with domestic
chores. Cleaning robots however, can take different forms depending
on their working domain, and different shapes have in fact been pro-
posed for household and industrial use, or for use in crowded areas, in
corrosive environments, or at the bottom of a pool.

A study of different mechanical shapes for such a robot is presented
in (Ulrich et al., 1997), stating that a home cleaning robot be small,
capable of moving under typical furniture and able to make tight turns
in small apartments. Figure 2 shows three typical configurations for
the robot body, where the cleaning device is marked by a thicker line.
Figure 2-a shows a basic rectangular-shaped robot, Figure 2-b shows a
circular cleaning device, and Figure 2-c shows a robot equipped with a
cleaning arm.

The main considerations in designing the body of a cleaning robot
have to do with efficiency in carrying out the cleaning task. Most robots
are in fact capable of complete floor coverage, but only few shapes allow
an efficient coverage. From this point of view, the shape of Figure 2-a
is the least suitable for a cleaning task, since it requires complex navi-
gation maneuvers to reach in corners and around obstacles. Similarly,
round robot cannot clean in corners, even though their shape makes
navigation around obstacles a little easier. The best compromise, ac-
cording to (Ulrich et al., 1997) is the shape shown in Figure 2-c, where a
cleaning arm offers a wider rage of solutions to cleaning and navigation.
Since the cleaning head is independent of the robot body, navigation
and cleaning are partially decoupled. Whole body maneuvers can then
be used to clean large free areas, whereas corners and tight spaces
surrounding obstacles are cleaned by moving the arm while keeping
the robot body stationary.
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3. The mind

To approach robotic cleaning from a scientific point of view, it is essen-
tial to define a set of specifications to guide the development (Jenkins,
1993). These requirements can be grouped in the following categories:

Enuvironment considerations. Typical environments inhabited by hu-
mans, such as houses, offices, commercial and industrial buildings,
impose very stringent constraints on the working modes of a clean-
ing robot. Rooms are usually configured randomly, doors may lead to
closets as well as to other rooms, wall openings may be dangerous
places, such as stairwells or fireplaces, and different furniture require
specific approach maneuvers. Furthermore, humans and animals may
try to interact with the robot.

Commercial and legal considerations. Installation procedure must be
simple, involving only the mapping of the house and not a significant
engineering effort to make it robot-friendly. Maintenance should be
reduced to a minimum, all possible malfunctions should be dealt with
gracefully, and the robot must be extremely safe. The cost of the robot
should be comparable to a high-end home appliance.

Operational requirements. The robot should be capable of fully au-
tonomous operation, including autonomous use of a simple charging
station. It should also have a straightforward operator interface. Normal
operation should be very simple, based on regularly scheduled cleaning
sessions, or by simple telecontrol.

Sensor requirements. Sensors will need to be self-calibrating and
able to guarantee a complete coverage of the environment, enabling
the robot to do mapping, position estimation, obstacle detection and
collision avoidance, and to deal with possible emergencies.

Reasoning requirements. To carry out successfully the above opera-
tions, the robot will need to be able to perform at least the following
four tasks: i) Exploration and mapping must be autonomous and
incremental, able to differentiate static from movable obstacles, and
allowed from forbidden floor space. ii) Path planning and execution
is a well known operation, but the inclusion of energy optimization, time
minimization, and vacuuming task execution may make it more com-
plex. 7i7) Operational contingencies may be non time-critical, such
as commands from the owner, blocked path, minor hardware failures,
whereas other problems may require an immediate response especially
when they affect safety. iv) Operator Interface will be a challenging
problem, since the robot will deal with technically naive people, who
may have malevolent and/or careless behavior.

According to (Elgot-Drapkin et al., 1993), the logic mechanism that
the robot will implement will have to extend some aspects of traditional
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monotonic logic. Important additions to classical logic should include
the capability of relating lexical expressions to environmental positions
(embedded logic), of dealing with unexpected events and classify their
importance (common-sense logic), of keeping track of the passage of
time (deadline-sensitive logic), of making sense of discordant input
(contradiction-tolerant logic), of making sense of ambiguous commands
(semantic shift logic), and finally of being time conscious, i.e. its logic
inference mechanism should be fast and narrow.

The definition of a suitable architecture supporting robotic cleaning
tasks is a difficult question. A rather complete survey of task planning
methods for sensor-based robots is presented in (Chen and Trivedi,
1995) where the main elements concurring in the generation of a plan
are identified as: integration of sensing and action, hierarchical plan-
ning, re-planning, error recovery, interrupt handling, conditional and
iterative planning, learning, and integration of planning and simulation.
The typical approach is a three level structure in which the bottom level
interacts with the world using reactive strategies (executive level), the
middle level employs symbolic strategies to perform simple logical op-
erations on sensor data (tactical level), and the top level(strategic level)
performs planning and reasoning (Gray, 1996), as shown in Figure 3-a.
Reference (Firby, 1993) discusses an implementation of the middle layer
called RAP which is an intermediary between the plans developed by
the top level and the needs of the execution layer, as shown in Figure 4.
RAP is also a simple planner/executive on its own to compensate for
the limitations of the other two layers.

Behavior-based control architecture have the general structure shown
in Figure 3-b. An example is AuRA (MacKenzie and Balch, 1993),
which can deal with uncertain and partially specified domains. The
modularity of subsumption-based architectures, such as AuRA, simpli-
fies the addition of new features to a basic cleaning behavior. The vacu-
uming behavior, for example, is implemented by modifying the standard
foraging behavior, with the robot actively seeking dirt, detecting it and
acquiring it using a vacuum action.

The Architecture for Behavior Based Agents (ABBA) (Jung et al.,
1997) has been demonstrated in the context of two robots performing
coordinated cleaning operations with meeting at predetermined loca-
tions and cooperative actions. The behavior of the complete system is
expressed as a network consisting of two types of nodes: Competence
Modules (CM) and Feature Detectors (FD). A CM becomes active
when all its preconditions are satisfied and it has the highest activation
level among all the ready CM. The preconditions are supplied by the FD
modules, providing the interface with the environment. The activations
are continuously updated by a spreading activation algorithm. The
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network can be activated or inhibited by external sources, by means of
rules representing activation by situation and by goal, and inhibition by
goal. Within this behavior based architecture, navigation is achieved by
a combination of geometric and topologic representations. Geometric
locations are represented by FD’s which provide preconditions for CM
representing some motion of the robot. Topology is introduced in the
representation by recording the trajectories executed by the robot into
a connectivity map of the environment. The conjunction of distributed
planning and geometrical/topological representation permits the for-
mulation and execution of complex plans in which robots interact and
cooperate with each other interleaving their respective actions.

Whether using a layered or a behavior based architecture, plan-
ning for a vacuum task must include a careful balanced compromise
of reactive and deliberative planning. In a layered architecture, the
reactive component acts as a filter on the planned task activating or de-
activating subtasks depending on the sensor status. On the other hand,
in a behavior-based architecture, sensor-driven, competing behaviors
will determine the evolution of the vacuuming operation. Comparing
the performance of the two architectures shows that time bounds, i.e.
time given to the planner to devise a new plan, is the critical factor
in determining the robot performance (Blythe and Reilly, 1993). A
highly dynamic environment can be dealt with only by an architecture
including a high level of reactivity. However, this will be at the expense
of plan quality, since interactions and implications of various actions
will not be examined in detail.

Finally, to complete the cleaning operation, one must provide a met-
ric to evaluate cleaning quality. A complex methodology for measuring,
understanding and thus predicting the contribution of software compo-
nents is discussed in (Bonasso, 1993), with reference to the household
vacuuming domain. This methodology relies on the statistical analysis
of experimental data and therefore it may be more appropriate for the
characterization of commercial than household devices. Another form of
performance analysis proposed for the cleaning domain includes a met-
rics based on efficiency, robustness, safety and robot usability (Musliner
and Kortencamp, 1993), and is more suitable for testing the human
factor aspects of a robotic cleaner.

4. The Cleaning Navigation

In a real cleaning robot, experiments prove that navigation is mostly
affected by the following elements (Ulrich et al., 1997): obstacle identifi-
cation, working hypothesis, map creation, and environment description.
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Obstacle identification can be limited to a few large classes, such as legs,
walls, corners, and unidentified. Legs are all those objects that can be
cleaned around, walls are obstacle with a long straight edge, corners
are the conjunction of two walls, and unidentified are all the objects
not falling in one of these categories. Two important benefits are drawn
from this initial exploration of a room. A simple local occupancy map
can be built using this information. Then, obstacle identification allows
the robot to use hypothesis to determine the best cleaning strategy. The
most critical element of this process is the creation of the environment
map. A possibility is to first contour the room and then explore its
interior, integrating the local maps describing the obstacles with the
contour map of the room. The contour map will be used by the robot to
self-localize, in case it gets lost. The map could be discretized and each
element marked with a number representing whether the element is
occupied or not, and its cleaning schedule. This representation is then
used by the robot to determine its cleaning pattern and trajectory
around the room. The environment map can be enhanced by a list
representation of the room’s major elements. For example, the room
perimeter can be represented by a list of its corners, obstacles may
group nearby legs, characterized by location, size, and cleaning pattern.
Periodically during its operation, the robot must carry out a correction
phase, to ensure that the map is consistent with the geometrical hy-
pothesis about the room and tracks the unavoidable changes in obstacle
position.

The most important question about automatic cleaning is the cov-
erage achieved, i.e. whether it is possible to determine an obstacle
avoiding path that can clean a high percentage of the surface floor.
The technical literature has several references to this problem, appro-
priately called the complete coverage problem, and to methods and path
templates that can guarantee an efficient coverage.

A possible approach to solve this problem is to devise a set of stan-
dard maneuvers and to try to combine them appropriately, depending
on the shape of the room (Hofner and Schmidt, 1995; Neuman de
Carvalho et al., 1997). This approach is best suited for cases where the
room configuration remains mostly unchanged, since it pays to invest in
optimizing the trajectory in a mostly fixed environment. It consists of
defining several basic path planning templates, depending on the kine-
matics of the cleaning robots and on the structure of the environment.
Then the planning algorithm constructs a technologically feasible clean-
ing path using the templates. With each template, a geometric motion
corridor is defined, rectangular, circular, or combined, which is used for
map-based collision analysis between the robot and the known contours
of the environment. Typical trajectories have a snake-trail pattern, with
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overlapping tracks. This approach avoids the complications of dealing
with non-holonomic constraints while planning the robot trajectories.
Self localization can be achieved by landmark detection combined with
a map of the environment and a tree representing the expectation of the
sensor readings within the uncertainty of the actual robot position. The
use of templates in case of obstacles with variable position is examined
in (Neuman de Carvalho et al., 1997) where it is shown that complete
coverage can still be achieved by simply following the contour of the
unexpected obstacle until the robot returns on the the original path.

Another approach to the coverage problem is cell decomposition
and search, where complete coverage is equivalent to exhaustive search
of the space (Pirzadeh and Snyder, 1990). This can be achieved by
creating an artificial potential field by assigning a numerical value to
each cell, by increasing the value of a visited cell, and by taking the
next step to the cell with the lowest value among the adjacent cells.

Other complete coverage algorithms based on assigning specific nu-
meric values to the elements of a cell decomposition are presented
in (Zelinsky et al., 1993). The underlying philosophy is that the numeric
value assigned to each cell is a function of the distance to the goal
and of additional constraints aiming at reducing the number of turns
performed by the robot. In its straightforward implementation, the
cell value is simply the distance from the goal, however this approach
results in a very unpractical trajectory, with a large number of turns, as
shown in Figure 7-a. A better algorithm for assigning numerical values
to cells accounts for trajectory difficulty in terms of distance from the
obstacles and of curve smoothness. The potential field defined in this
way generates numerical values for each cell with better convergence
and trajectory smoothness, as shown in Figure 7-b.

The idea of templates is used in (Choset and Pignon, 1997) by
adapting a single template, i.e. the back and forth motion typical of a
plowing ox, to an appropriate cell decomposition of the environment.
This approach combines the advantages of cell decomposition with the
template approach and minimizes the number of cells used by requiring
the creation of a new cell only when the topology changes, as shown in
Figure 8. The cell decomposition is then represented with an adjacency
graph, which can be searched with depth-first like algorithms to find
an optimal path visiting each node in the graph.

Complete coverage could also be achieved in real time by making
the robot mark its path with a heat trail, and then avoid areas previ-
ously marked (Russell, 1993). In this way, the robot can, in principle,
construct the complete coverage incrementally, without visiting twice
the same floor locations.
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5. The interaction with the Environment

Sensing and actuation are the primary methods used by cleaning robots
to interact with the environment and, in fact, technologies such as
force control, were developed with window cleaning in mind. It is then
useful to briefly present significant examples of sensing and control
applied to the cleaning domain. A representative example of advanced
environment interaction, is described in (Khatib et al., 1996; Khatib,
1999), where mobility is coupled to manipulation to create the proto-
type of a robotic assistant, which is demonstrated in experiments of
domestic chores. A different cleaning operation is described in (Zhou
and Skibniewski, 1994), and consists of an application of force control to
the clean-up of a construction site, a task similar to wallpaper scraping
or wall washing in the household domain. It must be noted that in
these application of mobile manipulation, the position of the mobile
base must also be controlled within the force loop, since its possible
inclination with respect to the wall will proportionally vary the applied
force.

Visual sensing can also be used as a control device for robotic nav-
igation. Reference (Jarvis, 1994) describes the operation of a group of
mobile robots involved in the cooperative cleaning of an experimental
environment. Robot position is monitored by an overhead camera, a
simple step of environment engineering that perhaps can be tolerated.
A central controller monitors and directs the operation of single and
multiple robots, whose position is mapped to the video plane of the
observing camera. More traditional use of vision for cleaning tasks is
described in (Rivlin and Rosenfeld, 1995), which summarizes all the
visual functions necessary for vision-based control of cleaning, such as
using walls as references to follow a corridor, recognizing small mobile
obstacles and large static obstacles.

6. The Operator Interface

A critical form of interaction between the robot and the rest of the
world is human interaction. As discussed in (Khatib et al., 1999), the
success of the introduction of even simple robots, such as cleaning
devices, into a human environment will depend upon the development
of competent and practical systems that are dependable, safe and easy
to use. During a cleaning task, the robot must be capable of perform-
ing basic autonomous navigation functions safely and with a carefully
planned interaction with its human owner.
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Simple household cleaning robots will be mostly stand-alone ma-
chines interacting with their human owners by voice commands or by
TV remote-like controllers. Robots must be able to accept commands
from the owner coming form a variety of sources, the simplest of which
could be a push bottom, but it also should be able to provide intelligent
feedback regarding the advancement of the cleaning task and its own
status (Ettelet et al., 1998). These issues can be grouped into two
main classes: the first is the achievement of a high level of interaction
between human and robot, and the second is the specific integration
of humans into the robot control structure (Wilkes et al., 1999). A
satisfactory solution would try to balance the robot capability to handle
repetitive tasks with the human intelligence and perception. Simple
cleaning robots may be equipped with a small keyboard to initiate room
mapping and to carry out the cleaning task, whereas more sophisticated
devices may be able to interact with their owners in more complex
forms. Current prototypes implement only a simple interface, relying
on a mixture of random motion generation and planned trajectories to
clean a room. In dealing with humans, robots must exhibit knowledge
of many domains, and it is challenging to find the right compromise
between development time and robot level of user friendliness. Contacts
between robot and people in the household have been the subject of
study and simulations in the context of exchange of objects (Agah and
Tanie, 1999). In the specific case of cleaning robots, the most likely con-
tact will be an impact due to wrong modeling or sensor limitations. The
robot must then be equipped with passive protection means and with
fast reactive backtracking to minimize the impact force. Furthermore,
suitable visual warnings should be installed in the body, to prevent
accidental tripping over the robot.

7. Conclusion

In this paper we summarize some of the most significant technologies
actually used in the design of home cleaning robots. The intention of
this survey is to take a snapshot of the robotic technologies that have
been applied so far to the cleaning domain. Clearly, robotic cleaning
being a complex task, all robotic technologies are potentially applicable
to this domain. However, by restricting the survey only to technologies
described in the technical literature on cleaning robots, we are assured
of taking a realistic picture of technologies that have made the cross-
over from the laboratory to the household.

Two main technology areas have emerged as those that have been
studied the most: architectural analysis and complete coverage nav-
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igation. In the first area, several models have been described and,
because of the domain characteristics, the trade-off between different
approaches have been clearly identified. In the second area, several
methods to achieve complete coverage have been presented. The em-
phasis is on the development of methods achieving full coverage with
smooth trajectories thus implicitly optimizing some of the performance
indices of cleaning tasks.

The survey has also shown the lack of literature in the areas of sensor
and sensor fusion for cleaning. It is conceivable then, that the two main
stumbling blocks to the development of this field will be the lack of
appropriate sensors for the detection of dirt, and thus the inability to
optimize time and efficiency, and safety during the interaction with the
humans, thus limiting the use of cleaning robots because of possible
liability concerns.
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Figure 1. A 1970 concept prototype.
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Figure 2. Basic shapes for a home robotic cleaner.
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Figure 4. The RAP control architecture.
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Figure 6. Coverage path planning using templates.
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